Silicon carbide-based (SiC) ceramics has attracted quite broad attention due to their excellent mechanical, chemical and thermal properties. However, their widespread industrial application is hindered by difficulties in sintering and poor fracture toughness of sintered bodies. In this work, we present an alternative way to produce SiC-based ceramics with improved microstructure and mechanical properties. We incorporated ZrO2 nanofibres into the ceramic matrix to achieve a combined reinforcing effect of partially stabilized zirconia, namely fibre and phase transformation strengthening. For comparison, we also prepared silicon carbide ceramics containing yttria stabilized zirconia (YSZ) particles. SiC-based green bodies containing 5, 10 and 15 wt % ZrO2 nanofibres and particles, respectively, were subjected to spark plasma sintering (SPS) at relatively low (1700 °C) temperatures with high heating and cooling rates. The effects of nanofibres on mechanical properties were studied by determining the Vickers hardness and Young's modulus of sintered ceramics from instrumented indentation tests. The microstructural patterns were investigated, as well. *Corresponding Authors: Eszter Bódis E-Mail: bodis.eszter@ttk.mta.hu [a]
Introduction
Silicon carbide-based (SiC) ceramics are considered as a high-performance engineering material because of their low density, high strength (~550 MPa) even at high temperatures, great hardness (~26 GPa), good oxidation resistance, high thermal conductivity (~120 W m -1 K -1 ) and low thermal expansion coefficient (4·10 −6 K -1
). 1 The covalent bonds among constituting atoms result in a very hard and strong material. Therefore SiC-based ceramics are being used in several applications even in extreme condition. However, due to the strong covalent bonds and the low self-diffusion coefficient SiC can be fully sintered only above 2000 °C. To have high density ceramics at lower temperature sintering aids, mainly oxides, are required. 2 Similarly to most ceramics, SiC is also brittle due to its low fracture toughness. 3 Thus, it is essential to incorporate certain reinforcing materials into the SiC matrix. Many studies focus on increasing the mechanical properties of SiC using different ceramic particles [4] [5] or more recently carbon nanostructures, like carbon nanotubes (CNT), carbon fibres or graphene sheets. [6] [7] [8] However, carbon tends to be oxidized in air at elevated temperatures and it destroys the properties of such ceramics composites. 9 To avoid the degradation of reinforcing materials in air at elevated temperatures and to reach high thermal stability, application of oxide-type reinforcing material seems appropriate. ), high melting point (2680 °C), excellent bending strength and good wear resistance. In many ceramic composites zirconia may enhance the fracture toughness by stress-induced, tetragonal (t) to monoclinic (m) phase transformation. Numerous papers have reported on increased mechanical properties of ceramics matrix composites due to incorporation of ZrO2 particles. [10] [11] [12] In our previous works 13 we reported that ZrO2 nanofibres were even better reinforcing agents than ZrO2 particles: addition of ZrO2 nanofibres to Si3N4 matrix significantly improved the fracture resistance of composite as compared to Si3N4 monolith. It was explained by the simultaneous phase transformation and fibre toughening of ZrO2 fibres.
Some papers in the literature have been focused on studying ZrO2/SiC systems. However, in most cases ZrO2 was the matrix material, which was reinforced by SiC particles or SiC fibres.
14-17 Addition of ZrO2 nanofibres for reinforcing of SiC matrix has not been studied up to now.
In this work we investigated the effect of partially stabilized ZrO2 nanofibres on the mechanical properties of SiC-based composite ceramics prepared by spark plasma sintering (SPS) at relatively low sintering temperature (1700 °C). For comparison, we studied the reinforcing effect of ZrO2 particles, as well. The mechanical properties of composite ceramics were characterized in terms of Vickers hardness (HV) and Young's modulus. The phase composition and microstructure of sintered bodies were also studied in order to get some information on the mechanism of spark plasma sintering. 
Methods
SiC-based ceramic composites were prepared by sintering commercial SiC powder (Washington Mills) containing ZrO2 particles and nanofibres as reinforcing additives in concentration of 5, 10 and 15 wt %, respectively. A reference specimen was also prepared from SiC without reinforcement. Al2O3 powder (3 wt % of Alcoa, A16) was added as sintering aid to the green mixtures. Both commercial ZrO2 particles (Sigma Aldrich, 99.0 %) and ZrO2 nanofibres were partially stabilized by 3 mol % Y2O3. The nanofibres were prepared in our laboratory by electrospinning, as reported previously. 13 The green mixtures, SiC matrices containing ZrO2 fibres (SiC/ZrO2f) or ZrO2 particles (SiC /ZrO2p) were prepared as follows: ZrO2 nanofibres were dispersed in ethanol (Molar Chemicals, Hungary, 99.0 %) by ultrasonication for 30 min. The SiC and Al2O3 powders were mixed in a Fritsch planetary ball mill with alumina tank for 30 min at 400 rpm using alumina grinding balls (diameter: 10 mm). The SiCAl2O3 powder blend and the ZrO2 fibre dispersion were mixed with a magnetic stirrer for 30 min, followed by drying at 90 °C. Samples containing ZrO2 particles and the reference sample (without ZrO2) were prepared in the same way.
Discs prepared from the above green mixtures were subjected to spark plasma sintering (SPS) in a HD P5 sintering machine (FCT GmbH) at 1700 °C. The green bodies were heated in argon atmosphere (1 atm) at a rate of 200 °C·min -1 with on/off current pulses of 3/1 ms, at ~3500 A and ~5 V. Holding time of 4 min was applied at 1700 °C in each test. During sintering a uniaxial pressure of 50 MPa was applied. The sintered samples were cooled down to near room temperature at a rate of 150 °C·min -1 . The high heating and cooling rates were necessary to accelerate the sintering process and to avoid any inadvertent reactions. The heating current and voltage were recorded along with the shrinkage of green bodies.
The bulk densities of sintered ceramics were measured by the Archimedes' method, while their relative densities were calculated supposing theoretical densities of 3.2, 3.9 and 5.7 g·cm −3 for monolithic SiC, Al2O3 and ZrO2, respectively.
The morphology and microstructure of the Pd coated composites were studied with a Zeiss EVO40 scanning electron microscope (SEM). The elemental composition and the distribution of the components were characterized by an Oxford INCA manufactured energy dispersive X-ray spectroscope (EDS).
The phase compositions of sintered samples were determined with a Philips PW 1830 X-ray diffractometer (XRD) in the 2range of 20-70°. The Young's modulus and Vickers hardness were measured using an instrumented indention tester (CSM Instrument, 500 mN Vickers diamond indentation force for 15 s). The hardness and elastic modulus were calculated from the load-depth curves according to the Oliver and Pharr method. 18 The reported hardness and modulus values are the mean of at least 9 measurements.
Results and discussions

Relative densities
The relative densities of sintered SiC ceramics as above were plotted in Figure 1 . The reference sample had a relative density of 89.7±0.2 %. A bit higher relative density of 91±0.1 % was obtained for SiC reinforced with 5 wt % ZrO2 fibre. Further increase of ZrO2 fibre content however, resulted in smaller relative densities. In the case of reinforcement with ZrO2 particles an opposite trend was observed: the relative densities increased with the ZrO2 content. The highest relative density of 90.7±0.1 % was observed for sample containing 15 wt % ZrO2 particles. According to Kodash and co-workers, 19 the observed differences in the relative densities could be attributed to the high heating, because the intense current application hinders particles gliding, thus decreasing the rate of densification. 
Phase compositions
The XRD patterns of ZrO2 fibres and commercial YSZ particles are shown in Figure 2 . The ZrO2 nanofibres consist of tetragonal (t) phase only, while the commercial ZrO2 particles are composed of tetragonal and monoclinic (m) ZrO2 phases in nearly equal amounts. On the XRD patterns of sintered composites we observed an interesting phenomenon. ZrC was developed as a new phase due to a chemical reaction between SiC and ZrO2 (Figure 3b) . The newly-formed ZrC is highly crystalline with typical crystalline size of ~196 nm as determined by Scherrer equation. However, ZrC was detected only at the lower side of composite discs, while the other side of the discs (upper side) consists of ZrO2 phases only in SiC matrix (Figure 3a) . The SPS configuration is shown by the Figure 4 , where the upper and bottom punches are marked. The amount of ZrC increased with increasing zirconia content, and it was a bit higher for the particle-reinforced composites than for the fibre-reinforced ones. We found further differences in the phase compositions on the opposite sides of sintered specimens. While the initial powders contained t-ZrO2 and m-ZrO2 in roughly equal amounts, after sintering the m-ZrO2 phase practically disappeared, whilst the intensity of t-ZrO2 increased on lower side. In contrast, on the upper side we could detect both phases of the ZrO2, but the intensity of the t-ZrO2 was significantly less comparing to the starting materials. The mZrO2 → t-ZrO2 transformation above 1170 °C is a wellknown process that explains the tetragonal phase to be dominant on lower side. In case of fibre-reinforced composite, where only t-ZrO2 phase was present, its amount did not change after sintering on lower side. On upper side m-ZrO2 also appeared due to the t-ZrO2 → m-ZrO2 transformation. Lin et al. 20 supposed that alumina silicate glasses in the grain boundaries can scavenge yttrium ions from t-ZrO2 grains, which is leading to a loss of stability of the tetragonal phase and t-ZrO2 → m-ZrO2 transformation can take place. In our case such transformation may also occur due to the presence of small glassy phase, even though we have not detected alumina silicate glass by XRD.
Differences in the phase compositions on the opposite sides of the sintered bodies can be attributed to the temperature differences between the different parts of graphite dies and by the different electrical conductivities of ZrO2 and SiC. Anselmi-Tamburini et al. reported similar phenomenon in the case of cubic-ZrO2 subjected to SPS for 5 min at 1200 °C under pressure of 105 MPa. However, they found just color differences between the two sides of the sintered bodies, because of the radial and axial temperature gradient during sintering and they suppose that the color gradient is a consequence of gradient in stoichiometry. 21 
Figure 4. SPS configuration showing the graphite dies and punches
Microstructure
Figures 5a-b show the SEM micrographs of the initial powder blends. The size of SiC particles was around 3 µm, while the ZrO2 particles were much finer with a mean size of ~0.8 µm (Figure 5b ). The average diameter of ZrO2 fibres as produced was ~0.5 µm; after ultrasonic treatment the length of the ZrO2 fibres was ~5 µm (Figure 5a ). SEM micrographs of the fracture surface of sintered composites (Figures 6-8) show that grain growth of SiC can be minimized by the combination of short holding time and high heating rate ( Figure 6 ). Both zirconia particles and fibres are evenly distributed in the ceramic matrix. In the case of fibre reinforcement, the zirconia fibres were well oriented due to uniaxial pressure during sintering. No orientation was detected in the particle-reinforced composite. SEM micrographs also revealed that the zirconia fibres did not preserve their original morphology on sintering; most ZrO2 fibres and also the particles were melted during SPS, as it can be seen in Figures 7 and 8 .
Zirconia has a melting temperature over 2500 C, however, in contact with alumina being present as sintering aid, it could form an eutectic mixture having melting temperature much below 2000 °C. 22 As a consequence, in the fibre reinforced composite fibres could only be sparingly observed, while their original positions can be well detected by the dispersed traces. Energy dispersive X-ray spectroscopy (EDS) was also applied to get information about the microstructure and the newly formed ZrC in the SiC matrix containing 10 wt % ZrO2 particles. Figure 9 shows the cross-sectional SEM micrographs and EDS mapping analysis of the two sides of specimen, while their composition was summarized in Table  1 . Comparison of the concentrations of chemical elements on the two sides of specimen revealed that the concentration of C (27.73 at %) was higher on lower side than on the other (18.18 at %). However, on this side the concentrations of O and Si are less, than on the upper side, which confirmed formation of ZrC on lower side. The Pd came from the standard sample preparing procedure for SEM. At higher resolution, analysis of the element mapping showed the carbon distribution in the matrix (red dots in Figure 10 ). The carbon was detected at the grain boundary region of ZrO2 particles. Based on this observation, we supposed that ZrC phase have been formed as an intergranular phase between ZrO2 and SiC particles. 
Mechanical properties
Because of the different phase compositions of the opposite surfaces of sintered specimens, as discussed above, we measured the mechanical properties on both sides of sintered composites. Figure 11 clearly shows that incorporation of reinforcing additives into the SiC matrix significantly increased the hardness as compared to the reference specimen, regardless of the type of additive (particle or fibre). The improvement in hardness, however, depended both on the ZrO2 content and the arrangement of samples during hardness measurements. On the ZrC containing lower side (dashed lines in Figure 11 .) significantly higher Vickers hardness was measured regardless of the reinforcing material. The highest hardness (25.15±3.6 GPa) was measured for the specimen containing 5 wt % ZrO2 particles. However, the hardness of particular composites decreased with increasing ZrO2. In case of fibre containing composites quite similar tendency was observed, but the actual HV values were slightly lower than in particle cases. On the upper side (straight lines in Figure 11 .) however, the SiC/ZrO2f composites had higher HV values than the SiC/ZrO2p ones. In the particle containing composites more ZrC was formed that resulted in higher hardness on lower side as compared to the upper side.
Changes in the Young's modulus of specimens with zirconia content are similar to that in Vickers hardness. The reference specimen possessed the lowest modulus of 280.2±33.7 GPa. The elastic modulus tends to be significantly higher on the lower side than on the opposite side, due to presence of ZrC on this side of composite discs. Specimens containing ZrO2 particles exhibit the highest modulus like the hardness. Adding ZrO2 particles to the SiC matrix the modulus reached its maximum value (481.5±42.4 GPa) and a plateau at 10 wt % of ZrO2 content. The modulus of the fibre containing composite was less by about a 100 GPa. On the upper side opposite tendency could be observed. The modulus increased with zirconia content both for fibre and particle reinforced composites. The SiC/ZrO2f composite has a bit higher modulus than the SiC/ZrO2p one, but they do not differ from each other on the upper side of composite discs. Comparing with the reference specimen a total improvement of 22.7 % was achieved in the modulus with a value of 345.08±19.2 GPa at 10 wt % ZrO2 fibre content. 
Conclusions
We produced silicon carbide-alumina (3 wt %) based composites containing partially (3 mol% Y2O3) stabilized ZrO2 nanofibres and particles as reinforcing phases in concentrations of 5, 10 and 15 wt%, respectively, by spark plasma sintering. The 5 % SiC/ZrO2p composite had the maximum relative density of 91.02 %. The density decreased with the ZrO2 content of composites. We suppose that it is due to the relatively low sintering temperature (1700 °C) and the high heating and cooling rates. Polymorphic phase transformations and structural changes were detected on sintering. A new phase, namely ZrC was formed during sintering. It could be attributed to a chemical reaction between SiC and ZrO2. Nevertheless, ZrC could be detected only on the lower side of sintered discs, while their other side only ZrO2 was found in the SiC matrix.
SEM micrographs revealed that the zirconia fibres did not retain their original morphology on sintering. It was the consequence of the melting of ZrO2 fibres and particles during SPS. In spite of changes in the morphology of fibres, their original positions can be well detected by their dispersed traces. EDS element mapping analysis showed carbon distribution at the grain boundary region of ZrO2 particles, thus, the ZrC likely formed as intergranular phase between ZrO2 and SiC grains. The side of disc containing ZrC phase had significantly higher Vickers hardness regardless of the reinforcing material. The highest hardness (25.15±3.6 GPa) was detected on the lower side of composite discs reinforced with 5 wt% ZrO2 particles. Both Young's modulus and Vickers hardness changed similarly with the zirconia content of sintered bodies. On that side of sintered discs where ZrC was found, significantly higher elastic modulus was detected as compared to their opposite side. Composites containing particles exhibited the highest modulus, with a highest value of 481.5 GPa in the case of sample containing 10 wt% ZrO2 particles. In summary, SPS technique is currently a powerful research tool for developing a SiC/ ZrO2 composites; however the protection of the ZrO2 particle and fibre are necessary to avoid the degradation of the reinforcing materials.
